All simulations were run using GROMACS v4.5 with the MARTINI coarse-grain forcefield(1-3). The pure DPPC vesicle was built by randomly seeding the inner and outer monolayers with 11,126 lipids. The system was then solvated with 1,123,315 CG water (~10% antifreeze) beads with 12,582 Na + and Cl -ions, corresponding to 120mM NaCl buffer.
Lateral pressure profiles and surface tension
Pressure profiles were determined using a modified implementation of 3D-pressure profile code developed by Ollila et al. (14) Briefly, using a 0.25 nm grid, the final 100 ns of each simulation were processed to extract the 3D-pressure tensor grid. !! ( ), !! ( ), and !! ( ) were determined by spherically averaging the 3D-pressure tensor grid along the radial dimension, , extending from the vesicle's center of mass at each frame.
From !! , !! , and !! we determined !"# as
With !"# ( ) we determine the vesicle's surface tension, , as
where corresponds to the equal-volume vesicle radius and is the distance from the center of mass of the vesicle (14) .
It is important to note that the surface tensions obtained for our systems (see Table S1 ) are larger than tho those obtained by Ollila et al. using the same approach (14) The key difference in the two different studies is the limits of the integration. In this study we integrate from bulk internal water to bulk external water, encompassing the entire membrane, whereas Ollila et al. restrained the limits to the hydrocarbon core. When we limit the range of integration in our systems we obtain similar surface tensions magnitudes while the αSyn reduced tension trend remains. The method to determine the surface tension from Ollila et al. differs from the method used by Risselada et al. (15) as seen in Equation 3,
The full implementation of the MFFA, including spherical periodic boundaries for the internal and external bulk water provides an explicit ∆ = !"# − !" across the membrane (15) .
Fluctuations Analysis with Spherical Harmonics
Fluctuation analysis was used to characterize bilayer rigidity following our recent spherical harmonics analysis method (10) . Briefly, an equi-angular radial undulating reference surface (URS) was defined for every simulation frame using an arc-length low-pass filter with a filter cutoff of 2.5nm -1 . Each URS was transformed using a least-squares spherical harmonic transformation matrix and the coefficients from every frame were then averaged to generate the fluctuations spectrum, !" . The total fluctuations was determined by summing all, non-trivial degrees below the crossover degree, < 25, corresponding to a crossover wavenumber, ! , where undulations transition into protrusions/structure factor feature (i.e. ! = 1.5nm -1 ) (10, 16, 17) .
Total lipid order parameter, , for lipid vesicles
Total lipid order parameter, ! , was determined using a modified version of the do-order-multi.py (18) script that transformed the local reference frame to spherical coordinates relative to the vesicle's center of mass. The modified script is available on our group website http://sachslab.umn.edu/downloads.html.
Additional Discussion Points
Choice of DPPC fluid-phase vesicle as a model system.
Despite the fact that DPPC is not a biologically representative lipid, we feel confident that this was the best, and appropriate choice. First, in order to connect with true biological systems we needed to simulate in the fluid phase. The MARTINI DPPC phase transition temperature (T m ) is 295+/-5K for flat, tensionless bilayers (19). This issue is further discussed in Risselada and Marrink (15) , in which they showed a T m depression in small DPPC vesicles like those simulated here. While the ideal choice would have been to simulate a complex mixture in the fluid phase, for example the DOPC/DOPE/SM/Chol mixture described in the text, the computational limitations in equilibrating the lipid and water distributions in multi-component lipid vesicles is currently prohibitive. While the typical issues of under-sampled lipid distributions in the bilayer plane are a challenge that is being overcome (20) , the problem is made dramatically worse by the need to adequately sample lipid distributions between leaflets in a vesicle. This is so because the spontaneous curvatures of each lipid species (e.g. PE vs. PC vs. PS headgroups; saturated vs. unsaturated chains) are all different. Thus, it is expected that at equilibrium there will be a non-symmetric (and different) distribution between the leaflets for each species. Uncertainty in these distributions would dramatically degrade the ability to report equilibrated vesicle mechanics.
Given that we could not reliably simulate the DOPC/DOPE/SM/Chol mixture, the best choice was to pick a system that would most closely match it in terms of the underlying stresses/rigidity in the vesicle. However, in the original study of that system there were no reports of bending rigidities, only fusogenic (21) . A separate study provides important information. Using AFM, Li et. al. (22) examined the rigidity of the influenza lipid envelope, studying small vesicles reconstituted from the viral lipids. This mixture is a remarkably close mimic of the Haque system with the addition of PS (PC/PE/PS/SM/Chol). From their data, it is clear that a DMPC+Chol mixture is a good mimic, at least as regards rigidity (compare 0.66 and 0.61 x 10 -19 J). On the other hand, a DMPC bilayer (0.18x10 -19 J) is not an appropriate mimic of the more complex mixture (its K b is 3-fold too low at physiological temperatures).
From other experimental literature, there is not a large difference between the bending rigidity of DMPC and DPPC (23) . However, in Risselada and Marrink (15) it was shown that the surface tension of a simulated DPPC vesicle (using MARTINI) could be substantially raised (by ~3-fold) by lowering the simulated temperature from 323K to 273K (even at temperatures as low as 273K the MARTINI force-field keeps the vesicle in the fluid-phase, although in that study the simulations were run for 5x shorter than in our case). The available experimental data(24) comparing DPPC and DMPC+Chol suggests that (at 40 mol% cholesterol) there is a 2-fold increase in bending rigidity. Thus, we reason that a DPPC vesicle at 298K (where we ran our simulations) should have a bending constant that (very) roughly approximates DMPC+Chol (and therefore the PC/PE/PS/SM/Chol mixture). We chose 298K, rather than 273 K, in order to avoid any possibility of gel formation at the longer time-scales that we were accessing (as compared (15)). Our simulations did remain in the fluid-phase. Thus, while not perfect, we feel confident that we have simulated the best approximation of a fluid-phase, single-lipid vesicle whose rigidity mimics a more complex, physiologically relevant (and fusogenic) mixture. Granted, this model reflects an attempt to roughly match bending rigidity, and not directly curvature stress. Nonetheless, based on the available experimental data, this is the best model we could conceive.
200:1 Lipid:Protein ratio
High protein:lipid ratios are typical in biophysical studies of αSyn because they correspond to presumed pathological conditions (Parkinson's disease is associated with gene duplication and triplication). Thus, we chose based on the predominant experimental paradigm in the field. Specifically, the 1:200, protein:lipid ratio was chosen based on experimental work of Beyer(25), Kamp et. al. (26) and Elizabeth Rhoades (27) . Rhoades has shown that at saturation, the binding pocket of αSyn is only ~40-50 lipids (including both leaflets), making it possible that up to four times the surface density explored in this study is possible. In fact, in recent studies of membrane remodeling by Ralf Langen, a protein:lipid ratio of 1:20 was used (28) . Therefore, our simulated density is very much in line with the accepted experimental conditions.
MARTINI restrictions regarding secondary structure
In our previous study (12) , we tested the impact of increased configurational flexibility of the protein on αSyn/membrane interactions, in particular on membrane thickness, area per lipid, protein insertion depth, and curvature generation. In the context of the current paper (where the extended helical conformation is fixed) this is particularly important given recent αSyn results from an enhanced sampling method (HMMM (29) ) that highlights the potential for conformational flexibility. We tested this by simulating the protein in both a locked-extended state and in a more conformationally flexible broken-helix state (where we disordered the flexible linker region between the two helices found in the SDS-micelle structure(30)). While this was not as completely free as the all-atom HMMM results, it nonetheless provides some reassurance that conformational heterogeneity should not affect the key physical properties of the protein as regards curvature generation and vesicle tension. We found almost no difference in the salient properties in these lamellar bilayer simulations that most closely match those presented in the current manuscript (protein bound on only one leaflet). This invariance reflected the fact that, regardless of conformational state, the protein's insertion depth in the membrane was identical (on average, within tenths of an Å). We note that the average depths seen in our coarse-grained and Tajkhorshid's all-atom simulations we nearly identical. As importantly, the range of insertion depths sampled in our systems (±4.6Å, extended; ±4.9Å, broken) is remarkably close to that found in the HMMM study (±5.7-6Å). As described in the text, theory predicts that the critical element of an amphipathic helix's ability to induced curvature (by changing the lipid dynamics and underlying tensions) is its equilibrium depth in the membrane. Thus, while the discovery of conformational heterogeneity may be important in the context of protein behavior, and potential protein-protein interactions, it does not appear to be centrally important in the context of curvature properties of the membrane.
Comment on the undulation spectra
The hump in the fluctuations spectra (L > 50) is an artifact from the analysis algorithm. In determining the spherical harmonic coefficients for the fluctuation analysis, our method(10) employs an equi-angular grid (θ-latitude, φ-longitude) and casts an arc-length real-space filter to define the radial positions for every θ, φ point. The hump is the structure factor contribution for that particular dθ,dφ grid-spacing. We characterized the filter artifact in (10) . By choosing an arc-length cutoff of 2.5Å we displace the artifact into a degree range that does not affect wavelengths below the cutoff harmonic degree, L0. For a vesicle with radius ~17Å, that cutoff is L ~21. Thus, we do not expect this artifact to impact our qualitative analysis of the change in low-frequency undulations, which is consistent with the finding that surface tension is substantially lowered in the proteinbound vesicle.
